Abstract. Legumes have developed the unique ability to establish a symbiotic relationship with soil bacteria known as rhizobia. This interaction results in the formation of root nodules in which rhizobia thrive and reduce atmospheric dinitrogen into plant-usable ammonium through biological nitrogen fixation (BNF). Owing to the availability of genetic information for both of the symbiotic partners, the Medicago truncatula-Sinorhizobium meliloti association is an excellent model for examining the BNF process. Although metabolites are important in this symbiotic association, few studies have investigated the array of metabolites that influence this process. Of these studies, most target only a few specific metabolites, the roles of which are either well known or are part of a well-characterized metabolic pathway. Here, we used a multifaceted mass spectrometric (MS) approach to detect and identify the key metabolites that are present during BNF using the Medicago truncatula-Sinorhizobium meliloti association as the model system. High mass accuracy and high resolution matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) Orbitrap instruments were used in this study and provide complementary results for more in-depth characterization of the nitrogen-fixation process. We used well-characterized plant and bacterial mutants to highlight differences between the metabolites that are present in functional versus nonfunctional nodules. Our study highlights the benefits of using a combination of mass spectrometric techniques to detect differences in metabolite composition and the distributions of these metabolites in plant biology.
Introduction
T he importance of nitrogen in sustaining life across kingdoms cannot be overstated, as nitrogen is a principal component of many essential biomolecules [1, 2] . Despite its abundance, accounting for approximately 78% of earth's atmosphere in the form of dinitrogen (N 2 ), most organisms, including plants, are unable to metabolize nitrogen [1, 2] . The process of converting N 2 into the ammoniacal form (NH 3 ) is referred to as N 2 fixation and can be accomplished via any of the following processes: (1) biogeochemical processes, (2) an industrial process called the Haber-Bosch process, and (3) biological processes, through a select group of microorganisms, termed diazotrophs [1] . The contribution of the biogeochemical process is negligible, with the latter two abovementioned processes accounting for the majority of N 2 fixation [1] . The industrial production of nitrogenous fertilizers by the Haber-Bosch process can fulfill the crop nitrogen requirement but with heavy economic and environmental costs [3] . In fact, this process accounts for 50% of the fossil fuel utilization in agriculture and 1%-3% of the annual global fossil fuel usage [2] . Furthermore, the cost of nitrogenous fertilizers has increased significantly because of increasing fossil fuel costs. In
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Correspondence to: Lingjun Li; e-mail: lingjun.li@wisc.edu addition to the increased cost of production, nitrogen fertilizers have also significant environmental and ecological effects. To state a few, nitrous oxide, which is a decomposition product of nitrogenous fertilizer, is much more active than carbon dioxide as a greenhouse gas [2] . In addition, leaching loss, which accounts for 30%-50% of the applied nitrogenous fertilizers, leads to the eutrophication of waterways [2, 4] . Therefore, to sustainably feed the burgeoning population, there is an urgent need to optimize alternative nitrogen sources [2] . A select group of microorganisms possess an enzyme, nitrogenase, which enables them to fix atmospheric N 2 into the ammoniacal form [5] . This process is termed biological nitrogen fixation (BNF), and the amount of nitrogen fixed on land is comparable to that of the Haber-Bosch process [1] . In fact, BNF was the only major source of nitrogen fixation before the advent of chemical fertilizers, and can be performed by either free-living microorganisms or those that live in symbiotic association with other organisms [1, 5] . Symbiotic nitrogen fixation accounts for the bulk of BNF [5] and is principally performed by a group of bacteria collectively called rhizobia in association with the Leguminosae family of plants (legumes). This family of plants fixes approximately 40-60 million tons of nitrogen per year and plays a pivotal role in food and energy security [2, 6] . Medicago truncatula (Medicago), which is a model legume, has been subject to intense study in the past two decades, not only to determine the molecular, genetic, and biochemical aspects of BNF, but also to understand general legume biology [7] [8] [9] [10] [11] [12] .
Medicago forms a symbiotic association with the bacterium Sinorhizobium meliloti. The process is initiated by the exchange of metabolites [13] . Plants secrete isoflavonoids, the perception of which leads to the secretion of the lipochitooligosaccharide Nod factors by rhizobia. A communication channel is thus established between the host plant and the rhizobia, leading to a series of events culminating in the formation of specialized structures called nodules on the roots of the host plant [14] . These nodules provide an ecological niche, inside which the bacterial nitrogenase enzyme is protected from free oxygen, and the bacteria differentiate into specialized forms, called bacteroids, which fix atmospheric nitrogen [15] . Critical to the success of this interaction is the nutrient exchange between the host plant and the bacteria, which requires the plant metabolism, not only to supply carbon, nitrogen, and other nutrients to the bacteroids, but also to utilize the metabolites that are released by the bacteroids [6, 15, 16] . Despite the importance of metabolites in this symbiotic association, little work has been done to investigate the array of metabolites influencing this association. Most available studies target a few specific metabolites, the roles of which are either well-known or are a part of a well-characterized metabolic pathway [17] . Although recent refinements in various chromatographic and mass spectrometric platforms have led to large-scale, non-targeted metabolic studies in the legume-rhizobium symbiosis, these studies were performed using either homogenized metabolite extracts or Medicago cell suspension cultures and fail to provide the spatial distribution of metabolites [17] [18] [19] [20] [21] [22] [23] .
In the past decade, mass spectrometric imaging (MSI) has rapidly expanded into the field of plant metabolomics as it provides important spatial information about many different molecular species of interest in a single experiment [24] [25] [26] [27] [28] . In order to better understand the spatial distribution of metabolites during this symbiosis, we previously used matrix-assisted laser desorption/ionization (MALDI)-TOF MSI on Medicago root nodules, identifying amino acids, sugars, organic acids, lipids, flavonoids, and their conjugates, and demonstrating their distribution in root and nodule tissues [27] .
Although it does not provide spatial information, electrospray ionization (ESI)-liquid chromatography (LC)-MS provides complementary results to MALDI-MS because of the different ionization mechanisms of these two techniques. These complementary techniques, therefore, offer a more complete description of the metabolome that would be critical for a mechanistic understanding of the metabolic exchange that defines nitrogen fixation. Here, we use high resolution MALDI-MSI and ESI-LC-MS for a more in-depth study of the Medicago root and nodule metabolomes during nitrogen fixation. In this study, wild-type (wt) plants and rhizobia that are capable of BNF were compared with well-characterized plant and bacterial mutants that are defective in nitrogen fixation in order to detect metabolic differences that are relevant to nitrogen fixation, generating valuable information for understanding the underlying mechanisms of the BNF process.
Materials and Methods

Plant Growth and Inoculation with Rhizobia
Medicago seeds were germinated as previously described [29] , after which 1-d-old seedlings were grown in a growth-chamber on modified Fåhraeus medium that was overlaid with germination paper. After 7 d, the roots were inoculated with a rhizobial suspension at OD 600 = 0.01 and grown for 2 wk. After 14 d, nodules from each sample were selected for metabolite imaging. The plants that were used in this study were Medicago truncatula (Medicago) Jemalong A17 (wt) and the mutant dnf1-1. The bacteria that were used for the inoculation were Sinorhizobium meliloti Rm1021(wt) and the mutant VO2683 (fixJ2.3:Tn5-233) [30] . The four plant-rhizobia sample combination types that were used in this study are referred to as wtwt, wt-fixJ, dnf1-wt, and dnf1-fixJ.
Tissue Extraction
Root nodules with approximately 1-2 mm of root on each side were detached from the plant, placed into a prechilled mortar, flash-frozen with liquid nitrogen, and ground to powder. The powder was transferred to a prechilled 1.5-mL Eppendorf tube. The metabolites were extracted with 2:2:1 methanol:chloroform:water (v/v). The solution was vortexed briefly and sonicated for 10 min followed by incubation at -20°C for 15 min.
The solution was then centrifuged at 20,000 × g for 10 min to pellet the plant material. The resulting aqueous supernatant was collected and dried in a SpeedVac. The lower organic layer was removed from the plant particulate matter and dried in a SpeedVac. This process was used for all four of the sample types. The samples were stored at -80°C until analysis.
Sample Preparation for MALDI
Root nodules with approximately 1-2 mm of root on each side were detached from the plant. The individual nodules were embedded in gelatin (100 mg/mL in double-distilled water) and gently frozen on dry ice. The frozen tissue was then sectioned into 16-μm slices using a cryostat at -20°C. The sections were thaw-mounted onto a standard glass microscope slide. Matrix (40 mg/mL DHB in 50:50 water:methanol) was applied using a TM Sprayer (HTX Technologies, LLC, Carrboro, NC, USA). DHB was purchased from SigmaAldrich (St. Louis, MO, USA).
MALDI-Orbitrap MSI and MS/MS
A MALDI-Orbitrap mass spectrometer (Thermo Scientific, Waltham, MA, USA) that was equipped with an N 2 laser (spot diameter of 75 μm) was used in positive ion mode for imaging and MS/MS. Three technical replicates of three biological replicates were imaged using a mass range of m/z 100-900, a mass resolution of 60,000, and a mass error of ≤5 ppm. The tissue region to be imaged and the raster step size were controlled using the LTQ Tune software (Thermo Scientific, Waltham, MA, USA). The instrument methods were created using Xcalibur (Thermo Scientific, Waltham, MA, USA). To generate images, the spectra were collected at 75-μm intervals in both the x and y dimensions across the surface of the sample. A list of the detected peaks was automatically created using MSiReader [31] by selecting the wt-wt sample as the "region of interest" and subtracting the peaks from the matrix to create a list of detected m/z values. Ion images were automatically generated from this list using MSiReader. The m/z values that produced ion images in only the wt-wt samples and none of the mutant samples were compiled into a list of "metabolites of interest". Each metabolite of interest was then manually confirmed as a unique metabolite peak (not an isotope, matrix peak, or artifact) via the manual interpretation of the averaged mass spectrum using ImageQuest (Thermo Scientific, Waltham, MA, USA). MS/MS collision-induceddissociation (CID) fragments were collected by isolating each m/z of interest and manually adjusting the collision energy for each compound (from 19 to 42 eV).
Q-Exactive for ESI-MS
To acquire LC-ESI-MS and MS/MS data, four biological replicates of Medicago root nodule extracts were resuspended in either water (for the aqueous samples) or methanol (for the organic samples) to a final concentration of 5 mg/mL. The samples were separated on a Kinetix C18 column (2.1-mm internal diameter × 150-mm length, 1.7-μm particle size; Phenomenex, Torrance, CA, USA), equipped with a corresponding guard column, and heated to 35°C. The mobile phases were (A) water with 0.1% formic acid and (B) acetonitrile with 0.1% formic acid. The aqueous samples were separated within 90 min under the following conditions: 0-10 min, isocratic hold at 1% B; 10-20 min, linear gradient 1%-3% B; 20-68 min, linear gradient 3%-50% B; 68-84 min, linear gradient 50%-95% B; and finally re-equilibration of the system at 1% B for 5 min. The organic samples were separated within 90 min under the following conditions: 0-20 min, linear gradient 1%-50% B; 20-84 min, linear gradient 50%-99% B; and finally re-equilibration of the system at 1% B for 5 min. The flow rate was 0.3 mL/min and the injection volume was 5 μL. The samples were kept at 10°C during the analysis. MS and MS/MS data were acquired on a QExactive instrument (Thermo Scientific, Waltham, MA, USA) that was equipped with an ESI source operated in positive ion mode. The MS scan range was from m/z 75-1000. The MS/MS scan range was adjusted depending on the parent mass and high-energy collision dissociation (HCD). The MS/MS data were collected for the targeted metabolites at collision energies of 25, 30, 35, and 40 eV. SIEVE (Thermo Scientific, Waltham, MA, USA) was used to determine the "metabolites of interest." A small molecule component extraction experiment was carried out using SIEVE; the wt-wt samples were used as references and were compared with the three mutant samples using 3-5 technical replicates of four biological replicates of each sample type. The features were extracted from the data after alignment and framing. The m/z values that had at least 2-fold higher intensity in the wt-wt samples compared with any of the three mutant samples in at least two of the biological replicates, a CV G20%, and a P value G 0.05 were considered "metabolites of interest." An inclusion list was generated of the "metabolites of interest" and those m/z values were subjected to MS/MS.
Metabolite Identifications
The "metabolites of interest" were identified by searching the accurate mass obtained on the Orbitrap instruments and the MS/MS data using MetFrag [32] . The top 15-20 MS/MS peaks and their intensities were imported into MetFrag, and the neutral exact mass of the parent ion was calculated. The masses were searched within 5 ppm using KEGG, PubChem, and ChemSpider databases. 
Results and Discussion
MALDI-Orbitrap MS Imaging
This study utilized wild-type (wt) plants and bacteria and the well-characterized plant mutant (dnf1) [33, 34] and bacterial mutant (fixJ) [27] , which are deficient in nitrogen fixation. By comparing the wt-wt samples that are capable of performing nitrogen fixation to the combinations of mutant samples, wtfixJ, dnf1-wt, and dnf1-fixJ, which are all incapable of nitrogen fixation, the metabolites that might be relevant to nitrogen fixation were identified. To detect and identify the metabolites that might be relevant to biological nitrogen fixation, MALDI-MSI was performed on Medicago sections from all four of the sample types. Once the data were collected, ion images were generated using MSiReader as described above. The images were manually confirmed as belonging to metabolite peaks, and a list of "metabolites of interest" was generated from the m/z values that produced ion distributions in the wt-wt (functional) nodules but not in any of the three mutant (nonfunctional) nodules. The representative metabolites that showed distinct distribution patterns in the wt-wt samples and not in the mutant samples are shown in Figure 1 . Figure 1a shows a photograph of each of the four sample types that were used in this study. Figure 1b shows the optical image of the four sample types immediately prior to MSI acquisition. Figure 1c shows 10 representative ion images of metabolites that were found only in the wt-wt samples. These representative metabolites show different spatial distributions throughout the root and nodule portions of the sample, providing further information about these metabolites and their role in nitrogen fixation. Table S1 in the supplemental information provides a complete list of the "metabolites of interest" that were determined by MALDI-MSI. The MALDI-Orbitrap provides significant advantages for untargeted metabolomics studies compared with more common instrumentation with modest mass spectral resolution, such as MALDI-ToF-ToF instruments, because accurate mass measurements can be acquired, which are essential for metabolomics. Many studies using MALDI-ToF-ToF instruments require accurate masses to be acquired using other instrumentation, typically ESI instruments. This criterion not only increases the number of experiments that need to be performed, but also provides no guarantee that the molecular species of interest that are detected by MALDI will also ionize with ESI. The high resolving power of MALDI-Orbitrap also permits the detection of metabolites that are separated by as little as 0.003 Da. The use of the high mass accuracy and high resolution MALDIOrbitrap allows for better detection and more complete coverage of the metabolome, which can lead to greater insight into biological processes.
ESI-Q-Exactive MS
To complement the MALDI-MS data, the root nodule extracts of each of the four sample types were also analyzed by LC-ESI-MS using a Q-Exactive instrument. SIEVE software was used to align and frame the replicates of the four sample types, and a list of "metabolites of interest" was compiled for further targeted MS/MS studies using the parameters that were described in the Materials and Methods section. Representative data from SIEVE that were used to select the "metabolites of interest" are provided in Figure 2 . The panels on the left show XIC (extracted ion chromatogram) peaks, demonstrating that the metabolite has an at least 2-fold greater intensity in the wtwt samples (blue) compared with any of the mutant samples (red, green, and yellow). The panels on the right display the information on the left in bar graph form, in which each bar represents a different replicate. Table S2 in the supplemental information provides a complete list of the "metabolites of interest" that were determined by ESI-MS. The ESI experiments produced fewer "metabolites of interest" compared with the MALDI experiments. It is likely that the statistical method of determining the "metabolites of interest" using SIEVE was much more stringent compared with manually generating a list of "metabolites of interest" using the MALDI data, resulting in fewer metabolite hits. In addition, MALDI tends to ionize a higher number of compounds to begin with for several reasons. First, MALDI produces in-source fragmentation, which could fragment delicate molecules into multiple fragments that are then detected. Second, ESI typically ionizes more polar compounds, where MALDI can ionize a wider range of compounds, potentially resulting in higher detection of "metabolites of interest." Complementary data were obtained using both MALDI and ESI instrumentation; 90 "metabolites of interest" were detected with MALDI, and 21 "metabolites of interest" were detected with ESI. Of the combined 111 metabolites that were detected using both methods, only seven "metabolites of interest" were detected using both MALDI and ESI.
Metabolite Identifications
Assigning confident molecular identifications for m/z values is typically the bottleneck for untargeted metabolomics studies. Searching the accurate mass alone using the many metabolomics databases that are available online often results in tens to hundreds of possible identifications. MS/MS experiments were conducted on the selected "metabolites of interest" from both the MALDI and ESI studies, although acceptable MS/MS data could not be collected for all of the metabolites that were detected by MALDI-MSI. MetFrag was used to search the accurate mass and MS/MS data. Figure 3 presents representative results from MetFrag. The peaks correspond to experimental MS/MS data. The precursor ion is shown in blue. Green indicates experimental peaks that matched to in silico fragmentation peaks, and red indicates experimental peaks that did not match to in silico fragmentation peaks, for the selected metabolite. The spectra in Figure 3 indicate good correlation with the in silico fragmentation data. Red peaks could be a result of noise/ background ions or other molecular species/isomers with the same or very similar m/z values that were also selected in the The detected peaks may be higher in the wt-wt samples compared with the samples containing plant or bacterial mutants because the fully functional nodules in the wt-wt samples may require a greater activity of the identified metabolites for efficient nitrogen fixation and/or the export of fixed nitrogen to the plants, in contrast to the wt-fixJ, dnf1-wt, and dnf1-fixJ combinations in which nonfunctional or nonfixing nodules were formed. The identified metabolites belonged to different classes, including organic acids and amino acids. The possible role of some of these metabolites in legume nodulation has either been established or hypothesized, whereas for most others, the roles have yet to be ascertained. For instance, asparagine has been implicated in nitrogen cycling between various plant organs, and the fixed nitrogen in indeterminate nodules is exported as asparagine for use by plants through the xylem sap of the plant. Similarly, glutamine is also a nitrogen (amide) exporter from indeterminate nodules for use by the plant [35] [36] [37] . In addition, glutamine, glutamate, and arginine may act as signals indicating the plant's nitrogen status, which in turn is hypothesized to regulate nodule growth and activity [38] [39] [40] . Nitrogen fixation is an energy-expending process, and it is estimated that the plants expend approximately 5-12 g of carbon for every gram of nitrogen that is fixed. Therefore, this process is tightly regulated, and it is hypothesized that the above-mentioned amino acids act as internal sensors for the plant nitrogen status [41] [42] [43] .
Proline betaine (the N-methylated form of proline) belongs to a select group of organic osmolytes called compatible solutes, the accumulation of which enables cells to increase the intracellular osmotic pressure, which in turn protects some macromolecular structures during osmotic stress [44] . In addition to being an osmoprotectant, proline betaine also acts as an energy source, in particular as a carbon and nitrogen source for Sinorhizobium meliloti in low-osmolarity environments [45] . The ability of Sinorhizobium meliloti to utilize proline betaine as an energy source enables this species to colonize legume roots efficiently and offers a competitive advantage against other soil bacteria that compete for plant carbon sources for colonization. Furthermore, betaines induce nodulation (nod) genes in Sinorhizobium meliloti. Taken together, proline and/or its N-methylated form may act as an important energy source for bacteria during early stages of symbiotic interaction and also prior to bacteroid differentiation in the infection process [46] . [47] . Leghemoglobin monitors the oxygen level in the cytosol of infected cells and maintains this level at optimum concentrations for the functioning of nitrogenase and also for bacterial respiration.
MSI is a relatively new technique in the field of plant sciences. The combination of the high resolution MALDI and ESI Orbitrap instrumentation provides novel advantages over previous studies of biological processes in plant models. Most previously published MALDI-MSI studies of plant metabolites were done with TOF instruments with potential interference from matrix peaks in the low mass region. Thus, these prior studies often required additional experiments on high mass accuracy instruments, typically ESI instruments, in order to identify detected compounds, with no guarantee that metabolites detected with MALDI would also be detected with ESI. Many plant metabolomics studies employ only LC-MS for analysis; employing both LC-MS and MALDI-MSI in our study allows for different types of metabolites to be detected and identified in addition to obtaining spatial information.
Conclusions and Future Directions
We demonstrated the benefits of using MALDI and ESI for the complementary detection of metabolites, permitting a more in-depth characterization of the Medicago metabolome and nitrogen-fixation process. Highresolution Orbitrap instruments provide the accurate mass measurements that are necessary for metabolite identification. More than 100 "metabolites of interest" were detected using a combination of these MS approaches, only approximately one-third of which were identified based on accurate mass matching and MS/MS fragmentation. The knowledge gained via the comparison of nitrogen-fixing and non-nitrogen-fixing nodules can provide insight into the roles of metabolites in symbiotic nitrogen fixation. Future studies can use the information gained in this study to elucidate the metabolic pathways that are responsible for nitrogen fixation.
